productivity in semiarid environments will be critical for ensuring adequate food supplies in the future (Foley et al., 2011) . Although drought may affect wheat at any point in development, it is particularly detrimental during seedling growth (Pessarakli, 2016) , when it may cause premature senescence and ultimately plant death . According to the stress gradient hypothesis, the fate of seedlings determines the structure and dynamics of most plant populations (Kitajima and Fenner, 2000; De La Cruz et al., 2008) . The vegetative stage affects the grain yield at the final stage of growth because the photosynthetic reserves accumulated until flowering provide approximately 57% of the final grain yield (Gallagher et al., 1976) . Previous studies have demonstrated that seedling traits are associated with yield-related traits, and have identified the loci controlling both seedling and yield-related traits (Atkinson et al., 2015; Bai et al., 2013; Horn et al., 2016; Xie et al., 2017) . However, breeding for improved recovery during drought stress at the seedling stage is only effective and useful if drought frequently occurs around this stage (Reynolds and Ortiz-Monasterio, 2001) . Thus, the selection of drought-resistant wheat genotypes at the seedling stage is regarded as an effective and useful approach in breeding drought-resistant cultivars.
However, in the quest to breed varieties for higher yield, drought-resistance genes and alleles have often not been selected, and have therefore gradually been lost (Koziol et al., 2012) . It is well accepted that landraces are valuable sources of drought-resistance alleles (Lopes et al., 2015) . Chinese wheat landraces have been shown to be enriched with resistance and/or tolerance genes and/ or alleles for biotic and abiotic stresses (He and Huang, 2001; Zhuang, 2003; Hao et al., 2008) , and have been used to identify agriculturally important quantitative trait loci (QTL) in our previous studies Zhou et al., 2017) . Therefore, an increased focus on screening drought-resistant genotypes in Chinese wheat landraces could provide important insights into the development of drought-resistant varieties.
After decades of breeding, only a limited number of drought-resistant cultivars have been developed by breeders owing to the time-consuming nature, low efficiency, and unpredictability of conventional breeding methods (Holland, 2007; Cattivelli et al., 2008; Pennisi, 2008) . Marker-assisted selection (MAS) is considered to be an excellent approach for the precision breeding of crops, as it improves breeding efficiency and predictability, and thus accelerates the progress of breeding programs (Collard and Mackill, 2008) . Furthermore, genome-wide association study (GWAS) has been an effective and powerful tool in the search for genes underlying complex traits in plants, including Arabidopsis (Verslues et al., 2014; Bac-Molenaar et al., 2016) , Aegilops tauschii (Arora et al., 2017; Liu et al., 2015a; Liu et al., 2015b) , maize (Zea mays L.; Yang et al., 2014) , and wheat Liu et al., 2017; Oyiga et al., 2017; Valluru et al., 2017) . In plants, traits characterized by GWASs include those associated with general plant morphology, yield, and biotic and abiotic resistance or tolerance (Verslues et al., 2014; Bac-Molenaar et al., 2016; Liu et al., 2017; Oyiga et al., 2017; Valluru et al., 2017; Zhou et al., 2017) . However, attempts to apply GWAS to drought resistance are limited due to the intrinsic complexities of investigating drought stress and its associated responses (Verslues et al., 2014; Kang et al., 2015; Bac-Molenaar et al., 2016) . Nevertheless, the use of GWAS to detect drought-resistance genes could provide valuable information to enhance the MAS system for drought resistance in wheat breeding programs.
In the current study, we initially evaluated a core of 645 wheat landraces, collected from 10 Chinese agroecological zones, to examine phenotypic variation in 16 seedling traits in response to drought stress. We then evaluated drought resistance in seedlings of these landraces to identify suitable wheat germplasm for future drought resistance breeding. Finally, a GWAS was performed on the wheat landraces using 52,118 diversity arrays technology sequencing (DArT-seq) markers to identify marker-trait associations (MTAs) and candidate genes under normal and drought conditions.
MATERIALS AND METHODS

Plant Material
A core of 645 wheat landraces, originating from 10 agroecological zones in China, was used to investigate the phenotype and genome-wide association of seedling traits in response to drought stress. Among these landraces, a total of 71, 137, 176, 111, 24, 16, 13, 18, 74, and 
Glasshouse Experiments
To examine the phenotypic variation of these 645 accessions under drought stress, we performed hydroponic experiments using polyethylene glycol (PEG) 6000 to simulate drought stress as previously described (Kaufmann and Eckard, 1971; Meunier et al., 2017; Pei et al., 2010) . The 645 accessions were grown hydroponically under normal and simulated drought-stress conditions in a randomized complete block design with four replications. The experiments were performed in a phytotron in Wenjiang, Sichuan Province, China, as previously reported Qin et al., 2016) Hoagland and Arnon, 1950) with or without PEG 6000 (19.2%, m/m) to mimic drought and normal conditions, respectively. The details of the experimental method are described as follows.
Uniformly sized seeds were sterilized with 1% (v/v) NaClO, and the sterilized seeds of each genotype were germinated and grown in petri dishes containing one layer of wet filter paper. Seven days later, two sets of four uniform seedlings for each genotype were transplanted into the holes of a foam-plastic board. The foam-plastic boards containing the seedlings were then placed into a light-tight plastic box (44.3-cm long, 31.3-cm wide, and 18.86-cm high) which was filled with 21 L of standard Hoagland's nutrient solution for 3 d. Subsequently, the two sets of seedlings were grown in standard Hoagland's nutrient solution for 7 d with or without PEG 6000 to simulate drought and normal conditions, respectively.
After 10 d of growth in Hoagland's nutrient solution, seedlings were carefully washed with distilled water, wiped dry, and separated into shoots and roots for measurement of seed length (SL), root length (RL), shoot fresh weight (SFW), and root fresh weight (RFW). Roots were scanned using an Epson 11,000 XL scanner and analyzed using a WinRHizo Pro 2008a image analysis system (Régent Instrument, Quebec, Canada) to obtain data for the following traits: root diameter (RD), root forks (RF), root surface area (RSA), root tips (RT), root volume (RV), and total root length (TRL). After scanning, shoots and roots were stored in paper bags, heated to 105°C for 30 min, and dried at 75°C to a constant mass to obtain the shoot dry weight (SDW) and root dry weight (RDW). The fresh root/shoot ratio (FRS) was calculated as RFW divided by SFW, and the dry root/shoot ratio (DRS) was calculated as RDW divided by SDW. The water content of the shoots and roots was measured as previously described (Ahmad et al., 2016; Bac-Molenaar et al., 2016; Jiang et al., 2017) . The shoot water content (SWC) was calculated as 1 SDW / SFW -, and the root water content (RWC) was calculated as 1 RDW / RFW -.
Phenotypic Data Analysis
Descriptive statistics, analysis of variance (ANOVA), and Pearson correlation analyses were conducted for each trait using IBM SPSS Statistics for Windows 20.0 (IBM, Chicago, IL). The values for descriptive statistics and correlations were determined using the mean value of each trait for each accession. Broad-sense heritability (H 2 ) was calculated using the following formula:
where VG is an estimate of the genetic variance, and VE is an estimate of the environmental variance (Smith et al., 1998) . The Shannon-Weaver diversity index (H') was calculated for each trait using the mean values (Hutcheson, 1970; Li et al., 2015) . As part of drought resistance screening, a comprehensive evaluation of weight (D-value) and drought resistance index (DI) was undertaken for each genotype according to previously published methods (Qin et al., 2016) . DI was calculated according to Bouslama and Schapaugh (1950) :
where T drought condition and T normal condition are the traits measured for each wheat landrace under drought and normal conditions, respectively. For example, 0.23 and 0.18 were the measured values for DRS under drought and normal conditions, respectively, thus, DI = 1.28. D-values were calculated according to previously published methods (Xie, 1993; Zhou et al., 2003; Qin et al., 2016) :
where D is the comprehensive evaluation value of the weight of each wheat landrace.
where u(X j ) is the membership function value of the DI of the jth trait, X j is the DI of the jth trait, X min is the minimum value of the DI of the jth trait, and X max is the maximum value of the DI of the jth trait.
where W j is the weighting variable of the DI of the jth trait and P j is the percentage variance of the DI of the jth trait.
Genotyping, Population Structure, Kinship, and Linkage Disequilibrium For each of the accessions, genomic DNA was extracted from a single plant using the cetyltrimethylammonium bromide method (Murray and Thompson, 1980) . Genotypic data were characterized using DArT-seq markers provided by Diversity Arrays Technology (DArT P/L, Canberra, Australia) as previously reported . A total of 52,118 pleomorphic markers with minor allele frequency (MAF) ³0.05 were obtained for the 645 wheat accessions. , and the first five principle components (PCs) were used to assess the population structure. The optimal K-value was determined using the delta-K method (Evanno et al., 2005) . Kinship, representing the relationship among individuals, and linkage disequilibrium (LD), were calculated using TASSEL 3.0 (Bradbury et al., 2007) . Pairwise r 2 values were calculated for all pairwise markers within a 10-Mb region. If a pair of markers within a 50-kb region had an r 2 value greater than 0.8, one of the markers was removed to minimize the contribution from regions of extensive strong LD (Huang et al., 2010) . To generate an LD decay plot, the mean r 2 value over different pairwise distances was calculated for the A, B, and D sub-genomes as well as for the whole genome.
GWAS
A set of 52,118 DArT-seq markers (MAF ³0.05) were used to perform GWAS using TASSEL 3.0 (Bradbury et al., 2007) . Two compressed mixed liner models (cMLMs), with optimal compression and variance component estimation by population parameters previously determined (P 3 D), were used to detect MTAs (Yu et al., 2006; Zhang et al., 2010) : (i) with Q matrix and kinship matrix (Q + K) as covariates, and (ii) with the first five PCs and kinship matrix (PCs + K) as covariates. Combined results obtained using the two models were used for further analyses. The Bonferroni-corrected P-value threshold a = 1, which was used as the cut-off for the 52,118 DArTseq markers, was 1.92 times 10 -5 with a corresponding -log 10 p value of 4.72 (Yang et al., 2014) . Manhattan and quantile-quantile (Q-Q) plots were constructed in R 3.0.3 (http://www.r-project.org/, accessed 15 Oct. 2019).
Identification of Candidate Genes
The sequences of the significant DArT-seq markers identified by GWAS were used to perform BLASTn searches against the International Wheat Genome Sequencing Consortium (IWGSC) RefSeq v1.0 with annotation of genes available in the URGI wheat database (https:// wheat-urgi.versailles.inra.fr/Seq-Repository/Annotations, accessed 15 Oct. 2019) to determine the physical position of each marker, and identify genes within a region 2500 bp upstream and 2500 bp downstream of this position Wu et al., 2017; Juliana et al., 2018; . Candidate genes were annotated using Oryza sativa and Arabidopsis thaliana as background species at P < 10 -5 using KOBAS 3.0 (Wu et al., 2006) . Sequences of the candidate genes were also used to perform BLASTn searches against the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih. gov/, accessed 15 Oct. 2019) to identify highly similar genes in Triticum aestivum.
RNA Extraction, Reverse Transcription Polymerase Chain Reaction (RT-PCR), and Quantitative RT-PCR (qRT-PCR) Analyses
Leaf samples collected from seedlings after 7 d under drought and normal conditions were ground in liquid nitrogen, and total RNA was extracted using a Plant RNA Extraction Kit (Biofit, Chengdu, China). Thereafter, a DNA Digestion Kit (Biofit, Chengdu, China) was used to remove residual genomic DNA. The complimentary DNAs (cDNAs) were synthesized from 1 ML of total RNA using a PrimeScript reverse transcription reagent Kit with gDNA Eraser (Perfect Real Time, Takara, Dalian, China). The qRT-PCR were performed using a TB Green Premix Ex Tap II Kit (Tli RNase H Plus, Takara, Dalian, China). The qRT-PCR reaction mixture (10 ML) consisted of 5-ML TB Green Premix Ex Tap II, 1-mL of diluted cDNA, and 0.5-ML of forward and reserve primers. Gene-specific qRT-PCR primers were designed using the NCBI Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index. cgi?LINK_LOC = BlastHome, accessed 15 Oct. 2019) as previously described . All qRT-PCR reactions were repeated three times. The relative gene expression was calculated using the 2 -DDCt method (Livak and Schmittgen, 2001) , normalized by reference to two house-keeping genes, TaEf-1a and TaEf-1b (Oyiga et al., 2017) .
RESULTS
Phenotypic Variation
A panel of 645 wheat landraces were grown under two conditions to evaluate variations in the phenotypic response to drought at the seedling stage. A total of 16 traits were assessed to determine the effects of drought treatment according to genetic variation at the seedling stage (Tables 1, 2; Fig. 1 ). The osmotic stress treatment had highly significant effects on all measured traits ( Table 2 ; Supplemental Fig. S1 ). Exposing plants to drought stress had negative effects (decreases of 5.21-65.00%) on all traits, with the exception of DRS, FRS, and RD (Table 1) which showed increases of 16.52%, 43.56%, and 20.14%, respectively. These observations indicate that drought stress has a stronger negative effect on shoot than on root traits, thereby resulting in increases in DRS and FRS. Heritability varied from 0.68 for TRL under drought conditions to 0.91 for SL under normal conditions (Table 1 ). The magnitude of variation in the genotypes of the measured traits ranged from 2.13% for SWC under normal conditions to 54.51% for RT under drought conditions (Table 1 ). In both treatments, significant variations among genotypes were also observed for all traits (Table 2 ). Due to the inherent genetic diversity among the constituent genotypes examined in this study, the panel of 645 wheat landraces proved to be a valuable genetic resource for GWAS. The H'-value was calculated for all landraces and the 10 agro-ecological zones, with the exception of the Xinjiang Winter-Spring Wheat Zone (only five accessions were obtained for this zone). For all accessions, H'-values ranged from 0.44 to 0.88 under normal conditions, and from 0.62 to 0.88 under drought conditions (Supplemental Table S1 ). The highest average H'-values were observed for the Northern Spring Wheat Zone accessions, whether under normal conditions (0.88) or under drought conditions (0.83). These findings indicate that accessions from the Northern Spring Wheat Zone may have a wider range of diversity than those from the other agro-ecological zones.
Correlation Analyses between Seedling Traits
Pearson correlation analyses among seedling traits under the two treatments revealed significant correlations (P < 0.01; Supplemental Table S2 ). Correlation coefficients ranged from 0.001 (RSA and RWC) to 0.928 (between RSA and RV) under normal conditions, and from 0.003 (between RT and SWC) to 0.954 (between RT and RF) under drought conditions. Interestingly, with the exception of RD, relatively highly significant and positive correlation coefficients were obtained between all pairs for root morphological traits (RL, RSA, RV, RT, RF, and TRL) under both conditions. Most notably, three pairs of root traits exhibited high correlations: (i) TRL and RSA (r = 0.904 and 0.833 for normal and drought conditions, respectively), (ii) RV and RSA (r = 0.928 for both normal and drought conditions), and (iii) RF and RT (r = 0.914 and r = 0.954 for normal and drought conditions, respectively). The results indicated that the six morphologic root traits may be controlled by same loci. However, RD displayed a relatively weak and complex correlation with the other root morphological traits, where correlation coefficients between RD and the other morphological traits (except for the pair RD and RV [r = 0.502 and r = 0.564 for normal and drought conditions, respectively]) were weaker than the coefficients between each of the pairs of the morphological traits (Supplemental Fig.  S2 ). In addition, RD exhibited a significantly negative correlation with TRL under both conditions, and with RL under drought conditions. Furthermore, under normal conditions, RD showed no correlation with either RL or RT. To explain the complex relationship between RD and the other six root morphological traits, a multiple linear stepwise regression was performed. The final stepwise model explained 90.4% and 88.8% of the variation in RD under normal and drought conditions, respectively (Supplemental Table S3 ). The model built in this analysis included three important traits (RV, RSA, and RT) for normal conditions, and five traits (RV, RSA, RL, RT, and RF) for drought conditions.
Identifying Accessions Resistant to Drought
The D-value was used to evaluate the seedling traits of wheat landraces under drought. On the basis of the obtained D-values ranging from 0.21 to 0.79, the 645 accessions were classified into three groups ( Supplemental Table  S4 ): Group 1 (152 accessions) with D-values lower than 0.30, including Changshamai, Baixuxiaomai, and Jinmai, were considered drought-sensitive; Group 2 (469 accessions) with D-values ranging between 0.30 and 0.50 exhibited moderate resistance; and Group 3 (24 accessions) with D-values ³0.50, including Dongdaomei, Hongchoumai, and Niqiumai, exhibited high resistance. The accessions that were determined to be either extremely sensitive and/or resistant to drought are listed in Supplemental Table S4 and will be further explored for breeding drought-resistant varieties.
The mean values and standard deviations of DI for each of the traits with different levels of drought resistance are shown in Supplemental Fig. S3 . The mean values for all traits were lowest in Group 1, moderate in Group 2, and highest in Group 3. These results indicate that the drought-resistant wheat genotypes with higher D-values also exhibited a higher DI which is consistent with the results obtained when these two indices were used for drought resistance screening. Correlations between the D-values and DI for all traits were also calculated, and significant correlations were found between D-values and DI for all traits, with correlation coefficient ranging from 0.207 to 0.845. However, when using DI as an index, the drought indices of multiple traits were considered, whereas when using the D-value, only one indicator was considered in screening. Thus, using the D-value was a clearer and simpler method for the identification of drought-resistant genotypes.
Supplemental Table S5 lists the average D-values obtained for each of the 10 agro-ecological zone, and Table S6 ; Supplemental Fig. S5 ).
Linkage Disequilibrium
To estimate the extent of LD for the A, B, and D subgenomes, a total of 10,424, 12,351, and 6202 markers were used, respectively. For the A, B, and D sub-genomes, 35.71%, 38.26%, and 29.24% of the pairwise markers had a significant LD (P < 0.001), respectively. For the whole genome, 35.43% of the pairwise markers had a significant LD (P < 0.001). For the whole genome, as well as the A, B, and D sub-genomes, there was a gradual decrease in the mean r 2 value with increasing pairwise distance (Supplemental Fig. S6 ). The LD decay distance for the A, B, and D sub-genomes was 5.83, 5.28, and 6.00 Mb, respectively, whereas it was 5.98 Mb for the whole genome (Supplemental Fig. S6 ). Thus, significant markers within a 5.98-Mb region were considered a single QTL.
Loci Significantly Associated with Seedling Traits
We performed a GWAS on the 16 traits of seedlings grown under normal and drought conditions with 52,118 DArT-seq markers using two models (adjusted by Q + K and PCs + K). The MTAs are listed in Table 3 . The results obtained using the two models varied slightly for different traits, as indicated by Manhattan and Q-Q plots (Supplemental Fig. S7 ). After applying the Bonferroni-corrected threshold (-log 10 p ³4.72, a = 1), a total of 145 significant markers (156 MTAs) for 11 traits were detected for the two treatments using a cMLM (Q + K), with phenotypic variation explained (PVE) ranging from 3.39% to 21.50% (Tables 3; Supplemental Table  S7 ). Additionally, these significant markers were found to be distributed across all 21 chromosomes. Using cMLM (PCs + K), a total of 138 significant markers (152 MTAs) were detected for 11 traits for the two treatments, with PVE ranging from 3.43% to 21.55%. These markers were distributed across all 21 chromosomes. Comparison of the significant markers detected using the two models showed that 131 of the markers (140 MTAs) were consistent (Tables 3; Supplemental Table S7 ). The large percentage of consistent markers indicates that the Q matrix and the first five PCs both effectively assessed the population structure, thereby reducing the probability of false-positive signals in the present study. However, for different traits, neither the Q + K model nor the PCs + K model was invariably the optimal statistical model (Supplemental Fig. S7 ). To reduce false-negative associations, we combined the significant markers that were detected using both models and used these for further analysis. After combining, a total of 152 significant markers (168 MTAs) were used accordingly in the subsequent analyses. Based on the LD decay distance, a total of 83 QTL were identified ( Supplemental Table S7 ).
A total of 57 QTL were detected for DRS, FRS (Fig. 2) , RDW, RF, RV, RWC and SWC under normal conditions, and were found distributed across 19 of the 21 chromosomes, the exceptions being Chromosomes (Chr) 4D and 6B (Supplemental Table S7 ). Of these, 32 QTL were detected for SWC. QTL-6A-2, located on Chr 6A, was significantly and strongly associated with SWC, and explained more than 20% of the phenotypic variation. In addition, QTL-5D-2 for SWC, located on Chr 5D, explained approximately 14% of the total variation. For RWC, a total of 22 QTL were detected, among which four had a PVE greater than 10%. These four QTL were located on Chr 2A, 5D, 6A, and 7D. Additionally, for RF, FRS (Fig.  2) , RDW, DRS and RV, the number of QTL detected were as follows: five, five, two, one, and one, respectively. The GWAS identified a total of 29 QTL for DRS, FRS (Fig. 2) , RD, RDW, RFW, RV, RWC, and SWC under drought conditions ( Supplemental Table S7 ). These QTL were distributed on Chr 1A, 1B, 1D, 2A, 2B, 2D, 3A, 3B, 3D, 4D, 5A, 5B, 6A, 6B, 6D, 7A, and 7D. A total of 12 QTL were detected for SWC, whereas eight QTL were detected for RWC. For DRS, FRS (Fig. 2) , RD, RDW, RV, and RFW, we detected five, four, two, one, one, and one QTL, respectively. A total of 26 QTLs for the eight traits were drought-specific (Supplemental Table S7 ).
Putative Candidate Genes and qRT-PCR Analyses of the Regulation of Candidate Gene Expression
Putative candidate genes associated with drought resistance were identified using the URGI wheat databases and were annotated with T. aestivum, O. sativa, and A. thaliana using Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology Based Annotation System (KOBAS 3.0; Wu et al., 2006) and the NCBI (http://www. ncbi.nlm.nih.gov/, accessed 15 Oct. 2019) database. For the seedlings grown under normal conditions, a total of 56 candidate genes were identified for six seedling traits (FRS, RDW, RF, RV, RWC, and SWC; Supplemental  Table S8 ). Several of these candidate genes were homologous to genes found in Arabidopsis, including CYP71B34 (European Union Chromosome 3 Arabidopsis Genome Sequencing Consortium et al., 2000) , FRS5 (Mayer et al., 1999) , GTE8 (European Union Chromosome 3 Arabidopsis Genome Sequencing Consortium et al., 2000; Zybailov et al., 2008) , MPL1 (Kazusa DNA Research Institute et al., 2000; Louis et al., 2010; Klopffleisch et al., 2011) , NQR (European Union Chromosome 3 Arabidopsis Genome Sequencing Consortium et al., 2000; Jiang et al., 2007) , OTU4 (European Union Chromosome 3 Arabidopsis Genome Sequencing Consortium et al., 2000; Bayer et al., 2011) , SCL3 (Theologis et al., 2000; Gong et al., 2016) , and UGT72B3 (Theologis et al., 2000; Lim et al., 2004; Lao et al., 2014) . In addition, one candidate gene was found to be homologous to LOGL9 in rice (Oryza sativa; Kikuchi et al., 2003; Jang et al., 2012) .
For the seedlings grown under conditions of drought stress, a total of 21 candidate genes were identified for seven traits (DRS, FRS, RD, RDW, RFW, RWC, and SWC; Supplemental Table S8 ). Two of these genes exhibit high similarities with previously reported genes in wheat: TraesCS2D01G079600 is highly similar to Ppd-D1 (Beales et al., 2007) , and TraesCS1B01G476600 is highly similar to FtsH4-B1 (NCBI GenBank, KR082547.1). Three candidate genes are homologous to genes previously reported in rice (OsCAD6; Kikuchi et al., 2003; OsFTSH5; Kikuchi et al., 2003; and OsPRR37; Liu et al., 2015c; Kikuchi et al., 2003) , whereas six of the candidate genes are homologous to the Arabidopsis genes CAD3 (Lin et al., 1999; Kim et al., 2004) , ftsh4 (Lin et al., 1999; Zhang et al., 2014) , NHL8 (Theologis et al., 2000) , PP2-B10 (Lin et al.,1999; Dinant et al., 2003) , PRR9 (Lin et al., 1999; Ito et al., 2007) , and SGP2 (European Union Chromosome 3 Arabidopsis Genome Sequencing Consortium et al., 2000; Bedhomme et al., 2009) .
Under drought stress, a total of 29 QTL were detected, while 26 QTL were drought-specific. Approximately half (12) of the 26 QTL were detected for SWC, which may be an important trait related to drought. A total of nine candidate genes were identified for SWC. Four were in response to drought and/or abiotic stress from previous studies in plants (Kim et al., 2012; Kleine and Leister, 2015; Meskauskiene et al., 2009; Zhao et al., 2014) . Among these genes, two encoded the receptor protein kinase ZmPK1, which has also been identified as responsive under drought stress in tall fescue (Talukder et al., 2015) . An additional two of the nine genes encoded mitochondrial transcription termination factor (mTERF) family proteins. The mTERF genes were involved in the response to abiotic stress in plants (Kim et al. 2012; Kleine and Leister, 2015; Meskauskiene et al. 2009; Zhao et al. 2014; Xu et al. 2017) . These four candidate genes were selected for qRT-PCR validation. The expression patterns of these four candidate genes were investigated in the leaves of drought-resistant (Dongdaomei and Hongchoumai) and drought-sensitive (Baixuxiaomai and Changshamai) accessions under normal and drought conditions after 7 d of stress (Supplemental Table S9 ). Using qRT-PCR, all four genes were up-regulated in the resistant genotypes (Fig. 3 ).
DISCUSSION
The wheat landraces used in the present study have evolved from their wild progenitors via cultivation and artificial selection and were collected from 10 major agro-ecological regions of China. These accessions have previously been shown to exhibit good adaptation to local environments and resistance and/or tolerance to abiotic and biotic stresses (He and Huang, 2001; Zhuang, 2003) . We evaluated these accessions at the seedling stage under both normal and drought conditions. In response to drought stress, DRS, FRS, and RD, on average, increased, while the others traits, on average, decreased. In addition, we selected extremely resistant and sensitive accessions as candidates for drought-resistant wheat breeding and further genetic analysis. Using a GWAS, 96 and 44 significant markers were detected for various traits assessed under normal and drought conditions, respectively. Among these markers, we identified 56 and 21 candidate genes under normal (six traits) and drought (seven traits) conditions, respectively. We also detected interesting correlations between drought response and flowering.
Utilizing Germplasm Resources to Improve Wheat under Drought Stress Landraces are locally adapted traditional cultivars that have evolved over time from their wild progenitors. Many modern wheat cultivars are derived from landraces. Wheat landraces in China are characterized by early maturity, high numbers of kernels per spikelet, and good adaptation to local environments, and are enriched with genes and/or alleles for resistance and tolerance to biotic and abiotic stresses (He and Huang, 2001; Zhuang, 2003; Hao et al., 2008) . Characterizing those Chinese wheat landraces with a larger suite of drought resistance traits and screening for droughtresistant landraces are helpful for the success of breeding programs. In the present study, we screened 645 Chinese wheat landraces and found that 24 of these exhibited high degrees of resistance to drought. These landraces can be used as germplasm resources to breed droughtresistant wheat. Evidence suggests that drought-resistant landraces and the improved drought-resistant materials are genetically distant, but that the landraces themselves are highly diverse (Moghaddam et al., 2005; Reynolds et al., 2007) . These results indicate that breeders could exploit drought-resistant landraces for potential additive genetic variances in breeding. In addition, we found that early flowering landraces are more resistant to drought than are late-flowering landraces, presumably because early flowering could facilitate a rapid completion of the life cycle prior to the onset of hot and/or dry summer conditions (Nevo and Chen, 2010; Shavrukov et al. 2017) , thereby enhancing the probability of high yields.
Implications of Seedling Variability at an Early Stage for Field Performance
Using a relatively strict marker threshold (-log 10 p ³4.72, a = 1), we detected a total of 57 and 29 QTL under normal and drought conditions, respectively. Under drought conditions, we identified a significant marker, A8479, located on Chr 3D, that is associated with RD. In our previous study, we found that the marker A8479 also showed a significant association with thousand-kernel weight (TKW) in 723 wheat landraces ). Furthermore, the marker A32552, located on Chr 2D, was found to be significantly associated with both RDW under drought stress and the yield-related trait spikelet number . In a previous study, co-localizing QTL were identified on Chr 4D for seedling traits (RDW, SDW, DRS, RV, and RSA) and TKW, and co-localizing QTL were identified on Chr 5A for SDW and RV at the seedling stage and TKW (Bai et al. 2013) . In another study in wheat, the seedlings of 183 elite accessions of durum wheat (Triticum durum) were evaluated to perform a GWAS, and it was found that six QTL for seedling traits co-localized with QTL for wheat yield or yield components (Cane et al., 2014) . Two QTL for seedling traits co-localized with yield QTL on Chr 2B and 7D, respectively (Atkinson et al., 2015) . Moreover, a number of co-localizing QTL for seedling traits and yield-related traits have previously been reported (Kabir et al., 2015; Li et al., 2018; Ma et al., 2017) . Qualitative trait loci for seedling traits that co-localize with yield-QTL provide valuable evidence regarding the implications of seedling variability at the early stage for subsequent field performance. Moreover, all phenotypic traits at the seedling stage can be rapidly and reliably measured for screening large numbers of genotypes Sallam et al., 2018) . Sallam et al. (2018) found that the most resistant genotypes at the seedling stage in a greenhouse were also among the highest yielding genotypes in low rainfall environments. The selected genotypes at the seedling stage can be integrated into the breeding program to improve drought resistance in wheat (Sallam et al., 2018) .
The Relationship between Flowering Time and Drought Resistance
In the present study, we found that the DArT-seq marker, A8479, associated with RD under drought stress, suggesting that this locus plays a role in the regulation of root growth under conditions of drought stress. In a previous study, marker A8478 was also strongly associated with flowering date (FD; -log 10 p = 11.29 using cMLM; Liu et al., 2017) . Thus, we observed the co-localization of RD and FD under drought stress. We found that the RD of the A8478 Allele 0 (late flowering) accessions was significantly lower than the A8478 Allele 1 (early flowering; P < 0.01; Supplemental Fig.  S8 ). Besides, the TKW of the A8478 Allele 0 (late flowering) was significantly lower (P < 0.01). However, no significant difference of the D-values was observed between two flowering alleles (P > 0.05; Supplemental Fig. S8 ). This result suggests that this flowering locus can affect the droughtresponse trait, but was marginal for final wheat drought resistance. Another marker, A32552, which is associated with RDW under drought conditions, is also strongly associated with FD according to Liu et al., (2017) . The candidate gene for this locus is TraesCS2D01G079600 which is highly homologous with the photoperiod gene Ppd-D in wheat, PPR37 in rice, and PRR9 in Arabidopsis. Thus, this locus may regulate FD. For marker A32552, we found that the D-values and RDW of the Allele 0 (early flowering) accessions were significantly higher than those of Allele 1 (late flowering; P < 0.01; Supplemental Fig. S9 ). For this locus, the results suggest that genotypes with the early flowering allele were more drought resistant. The identification of these two loci indicates that flowering genes play a role in regulating the growth response under drought conditions, as previously shown in several other studies on wheat. For example, the co-localization of FD and a drought-response QTL has been observed in doubled haploid lines (Gahlaut et al., 2017) , as well as in the natural population (Mwadzingeni et al., 2017) . Similar results have also been obtained for the model plant Arabidopsis, where well-known flowering genes were found to be associated with drought-related traits in a GWAS (Bac-Molenaar et al., 2016) . Furthermore, the co-localization of FD and a drought-response QTL was also observed in two populations of recombinant inbred lines (Tisné et al., 2010; El-Soda et al., 2014) . This phenomenon can be explained by the pleiotropic effects of FD genes. It could also be a consequence of the correlated responses of several traits to selection (Bac-Molenaar et al., 2016) . In annual plants with a short life cycle, such as wheat, early flowering is favorable and could be an adaptive strategy to short and unpredictable growing seasons which necessitate a rapid completion of the life cycle before the onset of the hot and dry summer conditions (Nevo and Chen, 2010) . Thus, local adaptation would lead to the selection of correlated responses of early flowering and drought resistance. In field trials, it has been demonstrated that wheat cultivars with early flowering traits provide high yields in terminal drought conditions (Stapper and Fischer, 1990; Nitcher et al., 2014; Shavrukov et al., 2017) , suggesting that early flowering provides a valuable and promising strategy to develop drought-resistant wheat cultivars.
Water Content May be an Important Trait for Evaluating Drought Resistance
Drought stress inhibits early vigor and reduces water retention in plants. Water content reveals the actual percentage of water in plant tissues. Low water content causes the plants to begin wilting and halts metabolic processes, thereby blocking further growth (Bac-Molenaar et al. 2016; Nxele et al. 2017) . One strategy the plant uses to maintain a high water content during limited water availability is to increase the number of soluble compounds inside the leaf, thereby improving the flux of water to the leaf and limiting evaporation (Bac-Molenaar et al. 2016) . In this study, SWC ranged from 0.45 to 0.88, with an average value of 0.77, and the RWC ranged from 0.52 to 0.95 with an average value of 0.77 under drought conditions (Table 1) . The SWC was reduced by 12.23%, and the RWC was reduced by 5.21%. The shoot and root water contents were of significant variations among genotypes responses to drought stress (P < 0.001). To further understand the genetic mechanisms of water content response to drought stress, we detected QTL of water content traits by GWAS using 645 Chinese wheat landraces. To the best of our knowledge, several QTL for water content have been reported in plants (Jiang et al., 2017) , providing the opportunity to identify new insights on the mechanism. In the present study, we identified 18 QTL for SWC and RWC, with relatively high PVE under drought conditions. Furthermore, four candidate genes associated with SWC were found to be up-regulated in resistant genotypes through qRT-PCR analysis. These results indicate that water content is an important criterion relating to drought stress, and we predict that more loci associated with water content traits will be identified in future studies.
CONCLUSION
High levels of variation were observed for each of the 16 examined traits among the 645 Chinese landraces grown under normal and drought conditions. In screening these accessions, the extremely resistant and extremely sensitive accessions were selected for breeding drought-resistant cultivars. We found that early-flowering wheat accessions were more resistant to drought than those flowering later. A total of 57 and 29 QTL were detected, and 56 and 21 candidate genes were identified under normal and drought conditions, respectively. The QTL identified in response to drought have opened new avenues for research on drought resistance and further work will be conducted to investigate these loci. Our finding that FD is correlated with drought-related traits suggests co-localization of the genes for these traits, and indicates that selection of the correlated responses of early flowering and drought resistance is a result of local adaptation to drought. The findings of this study enhance our understanding of the genetic value of wheat seedlings grown under drought conditions and will contribute to breed programs for drought-resistant cultivars.
